This study describes the effects of long-chain fatty acids on inflammatory signaling in cultured astrocytes. Data show that the saturated fatty acid palmitic acid, as well as lauric acid and stearic acid, trigger the release of TNFα and IL-6 from astrocytes. Unsaturated fatty acids were unable to induce cytokine release from cultured astrocytes. Furthermore, the effects of palmitic acid on cytokine release require TLR4 rather than CD36 or TLR2, and do not depend on palmitic acid metabolism to palmitoyl-CoA. Inhibitor studies revealed that pharmacologic inhibition of p38 or p42/44 MAPK pathways prevents the pro-inflammatory effects of palmitic acid, while JNK and PI3K inhibition does not affect cytokine release. Depletion of microglia from primary astrocyte cultures using the lysosomotropic agent L-Leucine methyl ester (LME) revealed that the ability of palmitic acid to trigger cytokine release is not dependent on the presence of microglia. Finally, data show that the essential ω-3 fatty acid docosahexaenoic acid (DHA) acts in a dose-dependent manner to prevent the actions of palmitic acid on inflammatory signaling in astrocytes.
INTRODUCTION
In the United States, the long-term consumption of diets high in fat and calories appears to be a primary cause of obesity, which is becoming increasingly prevalent in developed Western nations. This is an important public health concern, as obesity is closely associated with an enhanced risk for a myriad of diseases, including type 2 diabetes, cardiovascular disease, gastrointestinal and respiratory difficulties, stroke, and many types of cancer (reviewed in (Haslam & James 2005) ). Furthermore, the physiologic complications of obesity are now known to include detrimental effects on brain physiology and function (reviewed in ), (Fillit et al. 2008) , (Middleton & Yaffe 2009)) . For example, studies have reported deficits in learning, memory, and executive function in obese as compared to nonobese patients (Elias et al. 2003) , (Elias et al. 2005) , (Waldstein & Katzel 2006) , and regression studies have associated increased BMI with decreased brain volume (Ward et al. 2005) . Other studies have confirmed alterations of brain morphology in overweight and obese young adults, and further show that clinical obesity is associated with reductions in focal gray matter volume and enlarged white matter, particularly in the frontal lobe (Pannacciulli et al. 2006) . Experimental studies in animals have confirmed neurologic vulnerability to obesity and high fat diet and further show that diet-induced metabolic dysfunction leads to increased brain inflammation, reactive gliosis, and vulnerability to injury , ), , (White et al. 2009 ), (Studzinski et al. 2009 ), (Winocur & Greenwood 2005) , (Stranahan et al. 2008) , (Jurdak et al. 2008) , (Molteni et al. 2002) .
Although the physiologic mechanisms whereby obesity adversely affects the brain are poorly understood, both experimental and human studies have shown that increased inflammation is a key physiologic feature of obesity (reviewed in (Hotamisligil 2006) ). The brain is highly sensitive to inflammatory mediators, and there is ample data to indicate that cytokines specifically can have clinically significant adverse effects on cognition and neuronal homeostasis (Wilson et al. 2002) , (Rothwell 1999) , (Akiyama et al. 2000) . Relatively high levels of cytokine binding have been demonstrated in the cortex and hippocampus (Parnet et al. 2002) , and cytokines such as TNFα, IL-1β and IL-6 can disrupt pathways involved in cognition and memory (Bellinger et al. 1995) , (Jankowsky & Patterson 1999) . Thus, the concerted elevations of these cytokines in the brains could likely be a major player in the development of adverse neurologic complications of obesity and high fat diet consumption. While there are likely multiple mechanisms through which enhanced adiposity could lead to widespread inflammation, it is established that plasma concentrations of fatty acids are significantly increased in close association with obesity and metabolic syndrome (Opie & Walfish 1963) , (Reaven et al. 1988) , and saturated long-chain fatty acids can activate inflammatory and innate immune responses in the body (Averill & Bornfeldt 2009 ), (Kennedy et al. 2009 ). The effects of serum free fatty acids on brain inflammation have not been directly evaluated, but there is compelling evidence that these lipids are indeed able to alter CNS function. For example, fatty acids have long been known to be blood-brain barrier permeable (Dhopeshwarkar & Mead 1973) , (Smith & Nagura 2001) , and data further suggest that high fat diets might increase the uptake of fatty acids into the brain from the plasma (Wang et al. 1994) , (Karmi et al. 2010) . Furthermore, the saturated free fatty acids palmitic acid and lauric acid have both been shown to trigger inflammation in cultured macrophages (Laine et al. 2007) , and to modulate amyloid processing in neurons and astrocytes ( (Patil & Chan 2005) , (Patil et al. 2006) . Finally, published data show that peripherally administered fatty acids accumulate primarily in astrocytes (Morand et al. 1979) , (Bernoud et al. 1998) , and the localization of astrocytes to the blood brain barrier and their established role in providing blood-derived nutrients to neurons makes astrocytes a likely and physiologically significant target for the actions of elevated fatty acids. This study was thus undertaken to determine how elevations in serum lipids might alter astrocyte physiology, and was designed to specifically delineate the degree to which, and the mechanisms by which, saturated and unsaturated fatty acids could modulate inflammatory signaling in cultured astrocytes.
MATERIALS AND METHODS

Materials
The saturated fatty acids lauric acid (C12:0 or dodecanoic acid), palmitic acid (C16:0 or hexadecanoic acid), and stearic acid (C18:0 or octadecanoic acid ); the unsaturated fatty acids myristoleic acid (14:1(n-5) or tetradecenoic acid), oleic acid (18:1(cis-9) or (9Z)-Octadec-9-enoic acid), and linoleic acid (18:2(n-6) or cis, cis-9,12-octadecadienoic acid); and the polyunsaturated ω-3 fatty acid docosahexaenoic acid (DHA, ) and ω-6 fatty acid arachidonic acid (20:4(n-6)) were all purchased from Sigma-Aldrich. Triacsin C was also obtained from Sigma-Aldrich. TAK-242, OxPAPC, and neutralizing antibodies to TLR2 (clone C9A12) were obtained from InvivoGen. UO126 was obtained from Calbiochem, and SB 239063, SP 600125, LY 294002, and UO124 were obtained from Tocris Bioscience. Neutralizing antibodies to CD36 (clone FA6.152) were obtained from Meridian Life Science, Inc., while neutralizing antibodies to TLR4 (clone MTS501) were obtained from Imgenex Corporation.
Cell culture and treatment
The Institutional Animal Care and Use Committee at the Pennington Center approved all experimental protocols, which were compliant with NIH guidelines on the use of experimental animals. Primary astrocytes were derived from male and female 1-3 day-old Sprague-Dawley (Harlan) rat pups as described previously (Turchan-Cholewo et al. 2008) . Briefly, mixed glial cultures were generated from the brain (cerebral cortices without meninges) and maintained in Modified Eagle Medium (Gibco BRL) with 10% fetal bovine serum. After 7-10 days in vitro, microglia were removed from 70-80% confluent astrocyte cultures by orbital rotation (OR, 45 min at 200 rpm on an orbital shaker). In experiments designed to determine the role of contaminating microglia, orbital rotation was followed immediately by exposure to L-Leucine methyl ester (LME, 50 mM for 60 min), and the remaining cells were allowed to recover for 24-48 h before treatment.
Preparation of albumin-bound fatty acids
On the day of use, fatty acid stock solutions of 200 mM were prepared in 100% EtOH. Working water-soluble solutions of 5 mM fatty acids were then generated by incubating the fatty acids in PBS containing 10% endotoxin-andfatty acid-free BSA at 37°C for 60-90 min with occasional vortexing. This solution was then added to cells to obtain final fatty acid concentrations ranging from 50 -400 μM. Equal volumes of the PBS/EtOH//10% fatty acidfree BSA vehicle were applied to control cells.
ELISA
Levels of TNFα, IL-6, and IL-1β in cell culture medium were measured by ELISA as described previously (Bruce-Keller et al. 2001) .
Measures of protein expression by Western blot
Cells were homogenized in a Tris-buffered saline (pH 7.4) lysis buffer containing 0.1% Triton X-100, 5 mM EDTA, 1 mM sodium orthovanadate, and protease inhibitor cocktail (Sigma-Aldrich, Inc.). Homogenates were denatured in SDS, and equivalent amounts of protein were electrophoretically separated in polyacrylamide gels and blotted onto nitrocellulose. To ensure unfettered data interpretation, samples from all treatment groups were included in each individual gel. Blots were processed using the following primary antisera: anti-phospho p42/44 MAPK (1:2000, Cell Signaling Technology), anti-phospho p38 MAPK (1:1000, Cell Signaling Technology), anti-Iba-1 (1:500, Wako Chemicals USA Inc.), anti-TLR4 (1:500, Abcam Inc.); and anti-tubulin (1:1000, Wako Chemicals USA Inc.). After incubation with primary antibodies, blots were washed and exposed to horseradish peroxidase-conjugated secondary antibodies, and visualized using a chemiluminescence system (Amersham Biosciences).
Statistical analyses
All data are shown as mean ± standard error of measurement. Cytokine release values were analyzed with 1-way analyses of variance (ANOVA), followed by Bonferroni posttests to determine differences between treatment groups. Statistical significance for all analyses was accepted at p < 0.05, and *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively.
RESULTS
Palmitic but not oleic acid increases cytokine release from astrocytes
Long-chain fatty acids have been shown to induce cytokine release from adipocytes (Ajuwon & Spurlock 2005) , (Bradley et al. 2008) , and from lymphocytes (Laine et al. 2007) , (Stentz & Kitabchi 2006) , (Håversen et al. 2009 ), but their proinflammatory potential has not been evaluated in brain cells. To determine if elevated serum lipids could trigger brain inflammation, the effects of the saturated fatty acid palmitic acid and the unsaturated fatty acid oleic acid on cytokine release from cultured primary astrocytes was evaluated. The fatty acids were conjugated to BSA as described in Methods, and applied to astrocytes for 24 h under serum-free conditions at concentrations of 50-400 μM. These concentrations have been shown to be effective at inducing cytokine release from cultured lymphocytes (Stentz & Kitabchi 2006) , (Håversen et al. 2009) , and are within a physiologic dose-range as serum non-esterified fatty acid levels in rat range from 100-200 μM in control, non-fasting conditions to 500-600 μM in fasted animals (Rustan et al. 1992) , (Xu et al. 2010) . While brain levels of soluble fatty acids have not been reported, fatty acids have long been known to be blood-brain barrier permeable (Dhopeshwarkar & Mead 1973) , (Smith & Nagura 2001) , and reports further suggest that high fat diets might actually increase the uptake of fatty acids into the brain from the plasma (Wang et al. 1994) , (Karmi et al. 2010) . Data show that palmitic acid induced significant, dose-dependent increases in TNFα and IL-6 release from cultured astrocytes ( Fig. 1A and B) . However, high doses of palmitic acid (400 μM) also significantly decreased MTT conversion to formazan (Fig. 1C) , suggesting that this dose of palmitic acid induced some degree of mitochondrial dysfunction or cytotoxicity. Conversely, oleic acid did not cause cytokine release or alter MTT conversion at any concentration (Fig. 1A , B, and C). To determine if the effects of palmitic acid and oleic acid were representative of the effects of other long-chain fatty acids, additional cells were exposed to 100 μM concentrations of alternate saturated and unsaturated fatty acids. Specifically, the ability of the saturated fatty acids lauric acid and stearic acid, as well as the unsaturated fatty acids myristoleic acid, linoleic acid, and the ω-6 fatty acid arachidonic acid, to induce astrocytic release of the cytokine TNFα and IL-6, as well as IL-1β, was examined. Data show that stimulation of cells with the saturated fatty acids lauric acid or stearic acid resulted in levels of TNFα and IL-6 release generally similar to that induced by palmitic acid (Table 1) , although stearic acid-induced release of IL-1β did not reach statistical significance (Table 1) . Conversely, myristoleic acid, oleic acid, linoleic acid, and arachidonic acid were all unable to induce the release of significant levels of TNFα, IL-6, or IL-1β (Table 1) , even when applied at concentrations of up to 400 μM (data not shown).
Inhibitors of TLR4, but not TLR2, CD36, or acyl-CoA synthetase, block the effects of palmitic acid on cytokine release
To begin to unravel the physiologic mechanisms whereby palmitic acid increases cytokine release in astrocytes, pharmacologic inhibitors of Toll-like receptor 4 (TLR4, TAK-242, 5 μM), and acyl-CoA synthetase (Triacsin C, 10 μM), and neutralizing antibodies to CD36 (FA6.152, 20 μg/ml), were applied to cells 45 min before palmitic acid treatment, and cytokine levels were measured after 24 h. Data show that only the TLR4 inhibitor (TAK-242), but not inhibitors of acyl-CoA synthetase or CD36, was able to prevent palmitic acid-induced cytokine release ( Fig. 2A, 2B ). Evaluation of MTT conversion did not indicate any cytotoxicity or mitochondrial dysfunction in astrocytes treated with TAK-242, or any of the other inhibitors (Fig. 2C) . To confirm the role of TLR4, additional cells were exposed to 100 μM palmitic acid in the presence or absence of TLR4 inhibitor OxPAPC. OxPAPC is a mixture of oxidized phospholipids that inhibit TLR4 signaling by competing with CD14, LBP and MD2 (von Schlieffen et al. 2009 ). As OxPAPC also has activity towards TLR2 (Erridge et al. 2008) , additional cells were treated with palmitic acid in the presence or absence of neutralizing antibodies directed against either TLR4 or TLR2. Data show that both OxPAPC and TLR4 neutralizing antibodies significantly attenuated palmitic acidinduced cytokine release without affecting MTT conversion (Table 2) . Conversely, TLR2 neutralizing antibodies were unable to modulate the effects of palmitic acid on cytokine release (Table 2) .
Inhibitors of p42/44 MAPK and p38MAPK, but not JNK or PI3K, block the effects of palmitic acid on cytokine release
To next address the intracellular signal transduction pathways whereby palmitic acid increases cytokine release from astrocytes, pharmacologic inhibitors of p42/p44 MAPK (UO126, 5 μM), p38MAPK (SB239063, 5 μM), phosphatidylinositol 3-kinase (LY294002, 10 μM), or c-Jun N-terminal kinase (SP600124, 10 μM) were applied to cells 45 min before palmitic acid treatment, and cytokine levels were evaluated after 24 h. Data show that pretreatment with SB239063 and UO126, but not SB600125 or LY294002, significantly reduced palmitic acid-induced cytokine release (Fig. 3A, B) . None of the inhibitors significantly affected MTT conversion (Fig. 3C) , suggesting that the inhibitory effects of SB 239063 and UO126 were not related to cell death or injury. Application of UO124 (5 μM), an inactive structural enantomer of UO126, did not attenuate palmitic acid-induced cytokine release (data not shown). To further confirm the role of p38 and p42/p44 MAPK in the proinflammatory effects of fatty acids in cultured glia, cells were treated with palmitic acid, and then processed for Western blot as described in Methods. Data show that 10 and 30 minute exposures to palmitic acid increased phosphorylation of both p38 and p42/p44 MAPK in cultured astrocytes, but did not affect tubulin expression (Fig. 3C) , or total pools of p38 and p42/p44 MAPK (data not shown). To determine if activation of NFkB might participate in the proinflammatory effects of fatty acids in cultured glia, cells were treated with 100 μM palmitic acid for 1 -6 hrs and then processed for gel shift analyses. Analysis of nuclear proteins did not reveal any evidence of NFkB activation in cultured astrocytes following palmitic acid administration (data not shown).
Microglial depletion does not prevent the effects of palmitic acid on cytokine release
Studies next addressed the possible role of microglial contamination in the effects of palmitic acid on cytokine release from astrocytes. Initial experiments determined the extent of microglial contamination of astrocyte cultures, and the relative expression of TLR4 in cultures of increasing astrocyte purity. Cultured mixed glia were established as described in Methods and subjected to either no manipulation (NM), to orbital rotation (OR alone), or to orbital rotation followed immediately by exposure to the lysosomotropic agent LME (OR/ LME) as described in Methods. LME-treated cells were allowed to recover for 48 hrs before harvesting for Western blot, and cell homogenates from all 3 treatment groups were processed and run together on the same gels. Blot images show that while OR significantly decreased the extent of microglial contamination in astrocyte cultures (as indicated by a marked decrease in Iba-1), the combination of OR /LME resulted in the seemingly complete elimination of microglia from astrocyte cultures (Fig. 4A) . However, TLR4 expression was generally stable across treatments (Fig. 4A) , confirming previous reports of astrocytic TLR4 expression (Gorina et al. 2011 ), (El-Hage et al. 2011 . Experiments next determined the effects of palmitic acid on astrocyte cultures that had been completely depleted of microglia by the combination of orbital rotation and LME exposure. Data show that palmitic acid remained able to induce dose-dependent increases in TNFα and IL-6 release from microglial-depleted astrocytes ( Fig. 4B and C) . Data also show that pretreatment with SB239063 or UO126 significantly reduced palmitic acid-induced cytokine release from microglial-depleted astrocytes ( Fig. 4B and C) . These data indicate that the effects of palmitic acid on astrocyte inflammation are not dependent on the presence of microglia. However, macrophages are well-known to release cytokines in response to saturated fatty acid exposure (Tappia et al. 1995) , (Laine et al. 2007 ), (Martins de Lima-Salgado et al. 2011) , and thus it is nearly certain that the population of microglia remaining in mixed glial cultures subjected to orbital rotation alone contributes to cytokine release in response to palmitic acid under these conditions.
DHA prevents the effects of palmitic acid on cytokine release
The essential ω-3 fatty acid docosahexaenoic acid (DHA) is a critical contributor to cell structure and function in the nervous system (reviewed in (Bourre 2004) ). Furthermore, several reports have shown that ω-3 fatty acids such as DHA have potent anti-inflammatory effects (reviewed in (Calder 2007) ) and significant neurologic benefits as well (Dyall & Michael-Titus 2008) , (McNamara 2010) . To determine if DHA could modulate the proinflammatory effects of palmitic acid, cultured astrocytes were pretreated with increasing doses of DHA (10-100 μM) 30 min before application of BSA or 200 μM palmitic acid. Astrocytes in these experiments were not exposed to LME, as previous experiments (see Section 4, above) revealed that cytokine release was not dependent on microglial contaminates. Data show that increasing doses of DHA significantly decreased basal, unstimulated levels of IL-6, but not TNFα ( Fig. 5A and B) . Additionally, pretreatment with DHA significantly and dose-dependently attenuated palmitic acid-induced cytokine release ( Fig. 5A and B) , but did not affect MTT conversion (Fig. 5F ). To examine more closely how DHA might prevent palmitic acid-induced cytokine release, cultured astrocytes were treated with vehicle (BSA) or 50 μM DHA for 45 min, and then stimulated with 200 μm PA or vehicle for exactly 10 min, after which cells were quickly rinsed and frozen, and processed for Western blot. Examination of blot images indicated that DHA attenuated the phosphorylation of both p38MAKP and p42/44 MAPK in cultured astrocytes, suggesting that the action of DHA is upstream of MAPK activation, and thus may involve modulation of TLR4 expression or activity. Indeed, recent publications show that in cultured leukocytes, DHA prevents LPS-or lauric acid-induced dimerization and activation of TLR4, thereby blunting TLR4-mediated signaling and consequent inflammatory responses (Wong et al. 2009 ).
DISCUSSION
Glial cells, consisting of microglia, astrocytes, and oligodendrocytes, constitute more than 70% of the total cell population in the central nervous system. Once thought of as only supportive systems for neurons, glial cells are now regarded as key modulatory, trophic, and immune elements in brain. Astrocytes in particular adopt organized and essentially nonoverlapping sentinel positions throughout the entire brain with no brain regions devoid of astrocytes or closely related cells (reviewed in (Sofroniew & Vinters 2010) ). Furthermore, astrocytes have intimate contact with both vascular and synaptic elements, and thus likely serve as key links between peripheral disease processes and detrimental brain responses. Thus, astrocytes may be pivotal in the effects of obesity and metabolic disease on the brain, although this has never been directly explored. In this study, cultured primary astrocytes were treated with saturated or unsaturated fatty acids, and the resulting inflammatory responses were evaluated. Data show that saturated, but not unsaturated, fatty acids trigger cytokine release from astrocytes in a dose-dependent manner. These effects appear to require TLR4 and activation of p38 and p42/44 MAPK pathways, but not JNK or PI3K activation. Finally, data also show that the essential ω-3 fatty acid DHA acts in a dosedependent manner to prevent the actions of saturated fatty acids on astrocytic inflammatory signaling. Overall, these data demonstrate the ability of saturated fatty acids to induce astrocyte inflammation, and thus suggest a potential role for this phenomenon in the reported adverse neurologic consequences of obesity and metabolic syndrome.
Fatty acids serve both as energy substrates and integral membrane lipids that maintain the structure and function of neuronal membranes and membrane associated proteins/protein complexes. Fatty acids cross the blood-brain barrier mainly by simple diffusion in the unbound form, so that penetration of circulating free fatty acids to the CNS is generally proportional to their plasma concentration (Dhopeshwarkar & Mead 1973) , (Miller et al. 1987) , (Rapoport 1996) , (Smith & Nagura 2001) , even though a minor proportion of fatty acid uptake into the brain may also occur through direct uptake of lipoprotein particles mediated by lipoprotein receptors (Qi et al. 2002) , (Rapoport 2001) . Thus, while the maintenance of physiologic levels of polyunsaturated fatty acids is critical for normal brain function, there is ample evidence that alterations or elevations in saturated fatty acids can disrupt and undermine brain function. For example, epidemiological studies suggest that high-fat diet is a significant risk factor for the development of Alzheimer's disease (AD) and the degree of saturation of fatty acids is critical in determining AD risk (Solfrizzi et al. 2005) , (Scarmeas et al. 2006) , (Grant 1999) . Plasma concentrations of fatty acids are significantly increased in association with obesity and metabolic syndrome (Opie & Walfish 1963) , (Reaven et al. 1988) , and diets high in saturated fats may actually increase brain uptake of fatty acids from the plasma (Wang et al. 1994) , (Karmi et al. 2010) . Furthermore, the saturated fatty acids palmitic and lauric acid have both been shown to trigger inflammation in cultured macrophages (Tappia et al. 1995) , (Laine et al. 2007 (Fillit et al. 2008) ), and further support a potentially significant role for astrocytes in these effects. Indeed, the adverse effects of metabolic syndrome on brain physiology in rodents have been very well established by our labs ), , (White et al. 2009 ), ), (Studzinski et al. 2009 ) and by others (Farr et al. 2008) , (Winocur & Greenwood 2005) , (Stranahan et al. 2008) , (Jurdak et al. 2008) , (Molteni et al. 2002) , and increased gliosis is a very common finding in rodent studies of diet-induced metabolic dysfunction. Reactive gliosis is strongly associated with brain inflammation, and increased inflammation is a key physiologic feature of obesity (reviewed in (Hotamisligil 2006) . The brain is exquisitely sensitive to inflammatory pathways and mediators, and metabolic dysfunction in both humans and laboratory animals is associated with reactive gliosis and increased brain inflammation , (White et al. 2009 ), (Mattson et al. 2003) , (Zhang et al. 2005) , (Souza et al. 2007) , . Cytokines, particularly TNFα, IL-1β, and IL-6, are major effectors of the neuroinflammatory cascade (Allan & Rothwell 2003) , (Rothwell & Hopkins 1995) , (Rothwell 1999) , and can disrupt neurophysiologic mechanisms involved in cognition and memory (Bellinger et al. 1995) , (Jankowsky & Patterson 1999) (Gemma & Bickford 2007) . Indeed, the highest levels of cytokine binding have been demonstrated in certain areas associated with learning and memory, including regions of the cortex and hippocampus (Parnet et al. 2002) . Furthermore, reports suggest that the detrimental effects of radiation therapy on cognitive function may be based in part on TNFα, IL-6, and IL-1β (Monje et al. 2003) . It should also be noted that saturated long-chain fatty acids are known to activate inflammatory and innate immune responses in peripheral cells (Kennedy et al. 2009 ), (Averill & Bornfeldt 2009 ), (Tappia et al. 1995) , (Laine et al. 2007 ), (Martins de Lima-Salgado et al. 2011) , and that brain inflammation in animal models of metabolic syndrome is associated with increased serum lipids (Mattson et al. 2003) , (Perry et al. 2003) .
The essential ω-3 fatty acid DHA is a critical contributor to cell structure and function in the nervous system (reviewed in (Palacios-Pelaez et al. 2010) , (Bourre 2004)) , and data in this report show that DHA is able to prevent the proinflammatory actions of saturated fatty acids on astrocytes. These data are in keeping with numerous reports that have shown that ω-3 fatty acids such as DHA have potent anti-inflammatory and protective effects (reviewed in (Calder 2007) ), and can indeed prevent or reverse some aspects of metabolic syndrome (Rossmeisl et al. 2009 ), (Fedor & Kelley 2009 ), (Hassanali et al. 2010 ) . DHA is the most abundant omega-3 PUFA in the mammalian brain and retina, and is thought to preserve plasma membrane flexibility and resistance to membrane lipid oxidation (Eddy & Harman 1977) . Indeed, a double-blind, randomized clinical trial using healthy adult volunteers given a 35 day regimen of 4 g fish oil/day (800 mg DHA and 1,600 mg EPA) or 4 g olive oil as placebo showed that ω-3 fatty acid supplementation significantly improved performance on several neurologic parameters, including anxiety, fatigue, depression, and confusion (Fontani et al. 2005) . Furthermore, ω-3 fatty acid supplementation may reduce the number and severity of MS relapses in patients with MS (Nordvik et al. 2000) , (Weinstock-Guttman et al. 2005) . With further regards to the data presented in this manuscript, published experimental data indicate that DHA may limit inflammatory signaling by altering TLR4 presentation (Wong et al. 2009 ), (Lee et al. 2003) , (De Smedt-Peyrusse et al. 2008) . Tolllike receptors (TLRs) play a key role in inflammation and specifically in the recognition of products from pathogenic organisms, and our data corroborate other reports indicating that saturated fatty acids can serve as ligands for TLR4 (Lee et al. 2001) , (Shi et al. 2006) , (Kleinridders et al. 2009 ). Indeed, mice with either genetically engineered or naturally occurring mutations of TLR4 are protected from obesity-associated insulin resistance (Poggi et al. 2007) , (Shi et al. 2006) , (Tsukumo et al. 2007) , and TLR4 disruption selectively prevents insulin resistance caused by diets high in saturated, but not unsaturated, fatty acids (Davis. et al. 2008) . Collectively, these data support a potential role for astrocyte cytokine release, mediated by TL4 activation by increased circulating saturated fatty acids, in driving CNS inflammation in the context of obesity/metabolic syndrome. Primary astrocyte cultures were established as described in Methods, and exposed to increasing concentrations of BSA-conjugated palmitic acid (PA) or oleic acid (OA). Release of (A) TNFα, (B) IL-6, and (C) MTT conversion to formazan was measured after 24 h. Data were compiled from 4 separate experiments, and are means and SEM of 20-40 dishes per group. ** and *** indicate significant (p<0.01, and p<0.001, respectively) increases in cytokine release from astrocytes treated with palmitic acid as compared to cells treated with BSA alone. Primary astrocytes were with vehicle (BSA) or 200 μM palmitic acid (PA) in the presence or absence of a pharmacologic inhibitor of TLR4 (TAK-242, 5 μM), neutralizing antibodies to CD36 (FA6.152, 20 μg/ml), or a pharmacologic inhibitor of acyl-CoA synthetase (Triacsin C, 10 μM). All inhibitors were applied to cells 45 min before administration of BSA or palmitic acid. Release of (A) TNFα, (B) IL-6, and (C) MTT conversion to formazan was measured after 24 h. Data were compiled from 2-4 separate experiments, and are means and SEM of 10-20 dishes per group. *** indicates significant (p<0.001) increases in cytokine release from astrocytes treated with palmitic acid as compared to control cells treated with just BSA, and ### indicates significant (p<0.001) decreases in cytokine release from astrocytes treated with palmitic acid in the presence of TAK-242 as compared to cells treated with palmitic acid alone. Cultured astrocytes were subjected to either no manipulation (NM), orbital rotation (OR alone), or orbital rotation followed immediately by exposure to LME (OR/LME) as described in Methods. (A) Representative images of Western blots depicting expression of the microglial marker Iba-1 (top panel), TLR4 (middle panel), and tubulin (bottom panel) in cultured cells subjected to the different manipulations. Release of (B) TNFα or (C) IL-6 from cells subjected to orbital rotation followed by LME that were treated with increasing does of palmitic acid in the presence or absence of inhibitors of TLR4 (TAK-242, 5 μM), p42/44 MAPK (UO126,5 μM), or p38MAPK (SB 239063, 5 μM). All inhibitors were applied to cells 45 min before administration of BSA or palmitic acid. Data were compiled from 2-4 separate experiments, and are means and SEM of 10-20 dishes per group. ** and *** indicate significant (p<0.01, and p<0.001, respectively) increases in cytokine release from microglia-depleted astrocytes treated with palmitic acid as compared to control cells treated with BSA. ## and ### indicate significant (p<0.01, and p<0.001, respectively) decreases in cytokine release from astrocytes treated with palmitic acid in the presence of TAK-242, UO126, or SB 239063 as compared to cells treated with the same dose of palmitic acid alone. Effects of long-chain unsaturated and saturated fatty acids on cytokine release from cultured astrocytes Primary astrocyte cultures were established as described in Methods, and exposed to either vehicle (BSA), or BSA-conjugated fatty acids (100 μM final concentration, see Methods). Release of TNFα, IL-6, and IL-1β was measured after 24 h. Data were compiled from 2 separate experiments, and are means and SEM of 10-30 dishes per group.
